ABSTRACT -Paraquat (PQ) is one of the most frequently used pesticides in worldwide. In most countries, PQ is used without restrictions. To investigate the effect of PQ on myogenesis, cultures of C2C12, a useful model to study differentiation of myoblasts into myotubes, were exposed to various concentrations of PQ. Myotube formation did not occur in the presence of 50 μM PQ. Although cell death was not observed at this concentration, growth inhibition was evident in the growth medium. Production of myosin heavy chain, a myogenesis marker protein, decreased dose dependently with the concentration of PQ, which was added to the C2C12 cell culture during differentiation. Inhibition of myogenesis by PQ was not reversed by the addition of ascorbic acid. These results show that PQ is a strong inhibitor of muscle differentiation in vitro.
INTRODUCTION
Paraquat (1,1′-dimethyl-4,4′-bipyridinium dichloride; PQ) is a nonselective herbicide used in agriculture worldwide (Wesseling et al., 2001) . This compound has been demonstrated to be toxic to humans and animals. Direct exposure to PQ causes chemical burns, eye injury, nail damage, and nosebleed (Dinis-Oliveira et al., 2008) . PQ mainly accumulates in the lungs, where the components of polyamine transport system exist in abundance (Dinis-Oliveira et al., 2008) , and causes respiratory insufficiency injury and even death. In addition, PQ has emerged as a putative risk factor for Parkinson's disease (Dinis-Oliveira et al., 2006) . The primary mechanism of PQ toxicity is based on redox cycling and the generation of reactive oxygen species (ROS) (Baldwin et al., 1975) . Therefore, researchers and clinicians have placed great emphasis on the use of antioxidants as a treatment modality for PQ toxicity (Suntres, 2002) . PQ-induced embryotoxicity has been demonstrated in Xenopus laevis (Vismara et al., 2000) . This toxicity was found to be drastically reduced by ascorbic acid (Vismara et al., 2001) . Mouse embryonic stem cells treated with PQ generated ROS, and the percentages of necrotic and apoptotic cells were significantly increased (Perla et al., 2008) .
Although the cytotoxicity of PQ is well investigated, little is known about the inhibitory effect of PQ on development or differentiation. Paraquat induces an abnormal differentiation of the lung cells in monkey (Fukuda et al., 1985) , suggestive of the possibility that PQ may induce the abnormal differentiation of muscle cells. We previously reported that the mouse myoblast cell line C2C12 was abnormally differentiate into myotube and increase differentiation marker protein, myosin heavy chain (MyHC) when the cells treated with PQ under the culture medium containing 10% fetal bovine serum (FBS), which medium dose not induce differentiation. In this study, the effects of PQ on myogenesis under the differentiation medium (2% FBS) were determined using C2C12 cells.
MATERIALS AND METHODS

Chemicals
PQ and other chemicals were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan), unless otherwise specified.
Cell culture and myogenesis
The mouse myoblast cell line C2C12 was purchased from Riken Bioresource Center (Ibaraki, Japan). Dulbecco's modified Eagle's medium (DMEM; Nissui Pharmaceutical, Tokyo, Japan) supplemented with 4 mM l-glutamine was used as the basal medium. Cells were maintained in growth medium containing 10% FBS (Nichirei Biosciences, Tokyo, Japan) at 37°C in a humidified atmosphere of 5% CO 2 /95% air. C2C12 cells were cultured in a 35-mm culture dish (Falcon 3001; Becton Dickinson, Franklin Lakes, NJ, USA) sub-confluently and the cells were transferred to a differentiation medium containing 2% FBS to initiate the differentiation of myoblasts into myotubes. The medium was changed every day. Differentiated cells in a specific microscopic field were counted under 100 × magnification. The number of multinucleated cells was represented as mean ± S.D. (n = 3). All experiments were carried out with the cells subcultured up to 24 passages.
Detection of myogenesis marker protein by western blotting
The following primary antibodies were used for immunoblotting: myosin heavy chain (MyHC) (1:1,000; Millipore, Billerica, MA, USA), and β-actin (1:1,000; Sigma-Aldrich, St. Louis, MO, USA). The secondary antibody used was horseradish peroxidase-conjugated antimouse IgG (1:2,000; GE Healthcare Life Sciences, Diegem, Belgium). Whole-cell extracts were prepared from C2C12 cells as follows: cells were scraped into 0.5 ml of lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 30 mM Na 4 P 2 O 7 , 50 mM NaF, 1 mM ethylenediamine-N,N,N′,N′-tetraacetic acid, disodium salt, dihydrate (Dojindo, Kumamoto, Japan), 1 mM phenylmethylsulfonyl fluoride, 2 μg/ml aprotinin, 1 mM pervanadate, and 1% Triton X 100 [pH 7.2]) on ice. The suspension was harvested into a centrifuge tube, and subjected to vigorous mixing. Cell debris was removed by centrifugation at 20,000 × g for 15 min at 4°C. Protein concentrations were determined by the Bradford assay (Bio-Rad Laboratories Inc., Hercules, CA, USA), and equal amounts of proteins were boiled in protein loading buffer (62.5 mM Tris, [pH 6.8], 20% glycerol, 4% SDS, 0.2% bromophenol blue, and 5% β-mercaptoethanol), separated by SDS-PAGE, and transferred to a PVDF membrane. Pre-stained Protein Markers (Broad Range) for SDS-PAGE (Nakarai tesque, Kyoto, Japan) were used for protein size detection.
Blots were blocked for at least 1 hr at room temperature (RT) in a blocking solution (Protein-Free [TBS] Blocking Buffer; Thermo Scientific, Rockford, IL, USA). Membranes were incubated in the blocking solution containing primary antibodies for at least 1 hr at RT. After washing the membrane 3 times for 10 min in a washing buffer (TBST: 10 mM Tris [pH 7.0], 150 mM NaCl, and 0.1% Tween 20), the membranes were incubated in a blocking solution containing the secondary antibody for 1 hr at RT. After another 3 washes for 10 min with TBST, detection was performed by using ECL Plus (GE Healthcare Life Sciences). Densitometric images of blots were then analyzed using the QualityOne Software (BioRad Laboratories Inc.).
RESULTS AND DISCUSSION
To test the effect of PQ on cell proliferation, C2C12 cells were cultured in 10% FBS/DMEM containing various concentrations of PQ (Fig. 1) . Unattached cells, which were stripped by trypsinization and harvested in phosphate-buffered saline, and then counted by using the CDA-500 automated particle counter (Sysmex, Hyogo, Japan) at each point (n = 3).
seemed non viable, were observed in cultures containing 100 and 200 μM PQ after cultivation for a day. Although no unattached cells were observed in cultures at PQ concentrations of 25 and 50 μM, the growth rate was found to be decreased (Fig. 1) . It is reported that PQ induces apoptosis in various cell lines (Fei et al., 2008; Kim et al., 2004; Uhal et al., 1995) . We are currently investigating whether PQ is responsible for inducing apoptotic cell death in C2C12 cells. Next, the effect of PQ on differentiation of C2C12 cells was examined. To induce differentiation of C2C12 myoblasts into myotubes, the FBS concentration in the medium was reduced from 10% to 2%. Six days after induction, 8 ± 2 multinucleated myotubes were observed in the control medium. In contrast, no myotubes were found in the culture containing 50 μM PQ. The differentiation marker protein, MyHC, was analyzed by western blotting 6 days after induction of differentiation. The expression of MyHC in C2C12 cells was dose-dependently suppressed by PQ treatment (Fig. 2A) . These results show that PQ inhibits myogenesis without causing cell death. The reducing redox environment of the culture promotes myogenesis in C2C12 cells, and the oxidative stress impairs myoblast differentiation (Hansen et al., 2007) . Vismara et al. (2001) reported that ascorbic acid, which is an antioxidant, drastically reduces PQ-induced embryotoxicity in X. laevis. We tested whether the inhibition of myogenesis by 50 μM PQ treatment can be reversed by ascorbic acid. Multinucleated myotube formation was not observed despite adding 150 μM ascorbic acid, while the number of multinucleated myotubes was 9.7 ± 2 in the control medium. In addition, MyHC expression was not recovered by the addition of 150 μM ascorbic acid (Fig. 2B) . We also tested the effect of H 2 O 2 on myogenesis. The number of multinucleated myotubes was reduced to 5.3 ± 0.58 by 150 μM H 2 O 2 . MyHC expression was not decreased by 150 μM H 2 O 2 treatment when compared with the control (Fig. 2B) . PQ generates superoxide radicals, and the radicals are subsequently converted to H 2 O 2 in mitochondria (Dinis-Oliveira et al., 2008) . The MyHC expression in C2C12 cells was completely suppressed by 50 μM PQ ( Figs. 2A and B) . The suppressive effect of 150 μM H 2 O 2 on myotube formation was partially compared with that of 50 μM PQ. These results suggest that not only H 2 O 2 generated by PQ, but also other factor(s), such as the superoxide radicals, affect MyHC expression.
We previously reported that oral administration of PQ increased IgA levels in the serum of mouse . In this study, we did not observe any significant abnormality in the muscular tissue. Although we demonstrated that PQ is a strong inhibitor of muscle differenti- 
